Osmotic stress is a very common problem in agriculture. The most important osmotic stresses in agriculture are drought and high salinity. Free Pro accumulates in response to osmotic stress in a wide variety of organisms (Yancey et al., 1982) : in protozoa (Kaneshiro et al., 1969; Poulin et al., 1987) , eubacteria (Csonka and Hanson, 1991) , marine invertebrates (Burton, 1991) , algae (Schobert, 1977; Brown and Hellebust, 1978) , and higher plants (reviewed by Aspinall and Paleg, 1981) . Different roles have been proposed for Pro accumulation as an adaptive response; it has been suggested that Pro may function as an osmoticum (Wyn Jones et al., 1977) , a sink of energy and reducing power (Blum and Ebercon, 1976) , a nitrogen storage compound (Ahmad and Hellebust, 1988) , a hydroxy-radical scavenger (Smimoff and Cumbes, 1989) , a compatible solute that protects enzymes (Schobert and Tschesche, 1978; Paleg et al., 1981 Paleg et al., , 1984 , and a means of reducing the acidity (Venekamp et al., 1989) . It may also play a role in the regulation of cellular redox potentials (Saradhi and Saradhi, 1991) , as in animal cells (Phang, 1985) . Whereas Pro accumulation is a primitive This work was supported with grants from Belgian Programme on Interuniversity Poles of Attraction (Prime Minister's Office, Science Policy Programming, No. 38) and the Commission of the European Communities TS2-0053-8 (GDF).
response to osmotic stress, conserved through evolution in both prokaryotes and eukaryotes, the sources of this accumulation seem to be different.
In eubacteria, Pro accumulation occurs via enhanced uptake. In enterobacteria, neither the synthesis nor the catabolism of Pro is subject to osmotic control (Csonka, 1988) . These organisms depend on exogenous Pro for an osmoprotectant. Enhanced uptake occurs via de novo transcription of the Pro permease-encoding operons proP and proU (Csonka and Hanson, 1991) . However, some data suggest that Brevibacterium lactofermentum (Kawahara et al., 1989 (Kawahara et al., , 1990 and Bacillus subtilis (Whatmore et al., 1990 ) could synthesize Pro under osmotic stress when Pro is not present in the environment.
In eukaryotes, and specifically in higher plants in which the problem is best documented, the main experimental approaches have been physiological. The mechanisms by which Pro accumulates are mainly de novo synthesis from glutamate (Morris et al., 1969; Boggess et al., 1976; Wang et al., 1982; Badzinski Buhl and Stewart, 1983; Rhodes et al., 1986; Venekamp and Koot, 1988; Venekamp et al., 1989) and, to a lesser extent, a stress-induced decrease in protein incorporation (Dungey and Davies, 1982) , inhibition of Pro oxidation (Stewart et al., 1977) , and enhanced proteolysis (Thompson et al., 1966) . The Pro biosynthetic pathway is poorly known in higher plants and is thought to occur as in microorganisms, from glutamate via three enzymic steps.
P5C reductase (~-Pro:NAD[P]-5-oxido-reductase; EC 1.5.1.2) catalyzes the last step of the synthesis, the reduction of pyrroline-5-carboxylic acid to Pro. P5C reductase is the last enzyme in the Pro biosynthetic pathway in plants. This enzyme has been purified from Hordeum vulgare (Krueger et al., 1986) , Nicotiana tabacum (LaRosa et al., 1991) , and Glycine max (Chilson et al., 1991) . Studies in higher plants have focused on the role played by P5C reductase in osmoregulation. An enhancement of its activity has been found in saltstressed Pennisetum fyphoides (Huber, 1974 ), Mesembryanthe-Plant Physiol. Vol. 103, 1993 (Delauney and Verma, 1990 . After osmotic stress, the P5C reductase mRNA leve1 was shown to increase, suggesting that transcription of the P5C reductase gene might be osmoregulated (Delauney and Verma, 1990) . In Arabidopsis thaliana, genes .and enzymes involved in the Pro biosynthesis pathway are not known, despite their role in osmoregulation.
In this paper, we describe the cloning of a P5C reductase gene (AT-P5CZ ) and the corresponding cDNA in A. thaliana and the expression pattem of AT-P5CI in normal and stressed plant tissues.
M A T E R I A L~A N D METHODS

Plant Growth Conditions
Seeds of Arabidopsis thaliana (L.) Heynh. ecotype Landsberg erecta or Bensheim were surface sterilized by dipping in 5% calcium hypochlorite for 10 min, followed by rinsing severa1 times in water. Seeds were put on modified Murashige and Skoog medium (K1 medium) (Murashige and Skoog, 1962) containing Murashige and Skoog salts and vitamins, 1% SUC, and 0.8% agar (Difco) in Petri dishes. Growth took place in a culture chamber (16-h photoperiod, 2loC, 50% RH).
Stress Treatments
Salt induction experiments were performed with 10-d-old plantlets, which were taken from the solid agar medium and put in liquid culture medium containing O, 0.596, and 1% NaCl (O, 86, and 171 mM) . At that stage of root development, plants can be taken out of the agar without wounding. After incubation, samples were briefly dried on Kleenex paper and stored at -7OOC before analysis.
Measurement of Water Content
To determine the water content, plant samples were weighed and dried at 8OoC during 24 h. The weight difference was considered to be the water content, expressed as percentage of fresh weight (=100%).
Amino Acid Extract and Analysis
Plantlets were analyzed by homogenizing 100 to 200 mg of material with a mixture of methano1:chloroform:water (12:5:2) (Bieleski and Tumer, 1966) . Chl was recovered by adding 2 volumes of chloroform and 1 volume of water to the extract. The aqueous layer was taken and completely evaporated. The residue was redissolved in 6 N HC1 and hydrolyzed for 2 h under vacuum at 110OC. After evaporation at 85OC, the extracts were subsequently resuspended in the loading buff'er (0.2 M Na-citrate, pH 2.2) and analyzed in an amino acid analyzer (Biotronik LC 5001).
lsolation of AT-PSC1 Genomic Clones
Genomic DNA of A. thaliana ecotype Landsberg was extracted according to the method of Dellaporta et al. (1983) . For the first polymerase chain reaction amplification, 200 ng was used in a 50-pL mixture containing 50 m~ KCl, 10 mM Tris-HC1 (pH 8.3), 1.5 mM MgC12, a11 four deoxynucleotide triphosphates (0.2 mM each), 150 ng of each primer, arid 2.5 units of Taq polymerase. The primers were 5'-GACTGCAG-TIATGCCIAAYACICCIGC and 5'-AGCTGCAGIAATIG-TIGTICCICCIGG, where Y is C or T, and I is inosine. PstI sites are underlined. Thirty-five cycles at 94OC for 30 s, 46OC for 30 s, and 72OC for 60 s and a final extension for 5 min were performed. Because the yield was not sufficient, 10% of the volume was reamplified during 30 cycles undler the same conditions as mentioned above and run on gel (1% low-melting point agarose). Two fragments of 320 and 730 bp were amplified and eluted from the gel using the GeneClean kit (Qiagen), digested with PstI, and subcloned into pUCl9. Clones were sequenced by the dideoxynucleotide method of Sanger et al. (1977) . Only the 730-bp-long fragment contained significant similarity with known deduced P5C reductase sequences, and it was labeled by random priming and used to screen both a genomic and a cDNA bank. Thirty thousand clones (five genome equivalents) from an A. thaliana ecotype Landsberg erecta genomic bank in vector X Charon 35 (a kind gift of Dr. D. Jofuku) were screened according to the method of Maniatis et al. (1982) . Fifty thousand clones from an A. thaliana ecotype Lanilsberg erecta cDNA bank in vector Xgtll (purchased from Clontech) were screened according to the Amersham protocol. Hybridization and washes were camed out at 65OC.
Subcloning and DNA Sequence Analysis
cDNA inserts were subcloned as EcoRI fragments in pUC19. The two longest inserts gave rise to the pcI'5CR5 and pcP5CR9 plasmids. Two genomic fragments, a 5.5-kb BglII fragment containing the entire coding sequence iof AT-P5C1 and a 4.6-kb EcoRI fragment, were subcloned in pUC19 and sequenced with intemal primers (Sanger et al., 1977) .
Genomic DNA Analysis
Preparation of total DNA was as described by Dellaporta et al. (1983) , followed by a CsCl gradient. DNA (2 pi,) T was digested and separated on a 0.9% agarose gel. The DPIJA gel was blotted onto Hybond-N (Amersham), and the probe was labeled by random priming according to the manufacturer's protocol. The probe used was a 0.8-kb HaeIII-PstI fragment of the pcP5CR5 plasmid. Hybridization was carried out at 55OC in 5X SSC, 0.5% SDS, 5X Denhardt's solution (1 X SSC is 0.15 M NaCl, 0.015 M Na3-citrate, pH 7.0; l x Denhardt's solution is 0.02% BSA, 0.02% Ficoll, 0.02% PVP).
mRNA Analysis
Total RNA was isolated from roots, stems, leaves, seeds, and flowers of in vitro-grown plants as described by M<sniatis et al. (1982) . RNA (12 pg) was electrophoresed on 1.5% agarose gels containing formaldehyde (6%) and transferred in 20X SSPE (3.6 M NaC1, 0.2 M NaP04, 0.02 M Na2-BDTA, pH 7.7) to Hybond-N membranes (Amersham). The RNA gel blot was hybridized at 42OC for 16 h in 5X SSPE, 0.5% SDS, 50% (v:v) formamide, 5X Denhardt's solution. The washes were at 42OC in 2 X SSPE, 0.1% SDS, twice for 10 miri, each followed by 30 min at 42OC in 1 X SSPE, 0.1% SDS 2nd 30 min at 42OC in 0.5X SSPE, 0.5% SDS. That equal quantities of mRNA were loaded was confirmed by hybridization with a 25s RNA probe (pBS[I]KS+ plasmids containing rDNA; Bauwens et al., 1991) .
Secondary Structure Prediction
Secondary structure predictions were based on four different methods: the COR method (Garnier et al., 1978) , the homolog method (Levin et al., 1986) , the GGBSM method (Gascuel and Golmard, 1988) , and the method of Rooman and Wodak (1988) . The methods were applied for each protein separately; a residue was considered likely to adopt a helical, an extended strand, or a coil conformation when at least three methods were in agreement.
Complementation Experiment
The Escherichia coli proC mutant ATCC No. 33475 F-thi proC leu trp entA (Wayne et al., 1976 ; E. coli Genetic Stock Center) was used for the complementation experiment. ATCC No. 33475 was transformed by electroporation with 10 ng of DNA of pcP5CR5, pcP5CR9, or, as control, pUC19. After electroporation, 1 mL of SOC medium (Maniatis et al., 1982) was added, and the cells were incubated at 37OC for 1 h, pelleted at 500g for 5 min, resuspended in 200 pL of M9 minimal medium (Maniatis et al., 1982) , and plated on solid M9 minimal medium containing 100 pg mL-' of ampicillin, 5 mM Leu, and 5 m~ Trp. The efficiency of the electroporation was estimated to be about 4% by counting colonies on mineral medium that also contained 5 mM Pro.
Primer Extension
Primer extension was performed mainly as described by Ausubel et al. (1987) . A 36-nucleotide primer in the first exon was hybridized against total Arabidopsis RNA (100 ng of primer against 50 pg of RNA). The primer itself was not radioactively labeled, but a-35S-dATP was added in the extension reaction.
RESULTS
Pro Accumulation in A. thaliana during Salt Stress
Seeds of A. thaliana var Bensheim were germinated in the presence of increasing concentrations of NaCl (0-1 %). Growth rate and free Pro content were analyzed 10 d after sowing (Fig. 1A) . Most seeds did not germinate in the presente of 1% NaCI; those that did germinate did not grow. Free Pro content increased with the severity of the stress. A concentration of 0.5% NaCl was used in a11 further salt stress experiments because (a) there is a 6-fold increase in the Pro content, (b) the plant is stressed but can still grow and complete its life cycle, and (c) the water content of the plant is still high. Figure 1B shows the time course of Pro accumulation for 10-d-old plantlets grown previously in K1 medium and subjected to a 0.5% NaCl stress. Pro begins to accumulate significantly after 4 h and reaches a plateau of 13% of the total free amino acid pool after about 24 h. 
D e Novo Transcription and Translation Are Required for Pro Accumulation during Salt Stress
To measure the influence of de novo transcription and translation on Pro accumulation, an experiment was performed with the translation inhibitor CHX and the transcription inhibitor COR. Ten-day-old plantlets were incubated in liquid medium. At time zero, 0.5% NaCl was added to the incubation medium. At times -1, +2, +4, +6, and +12 h, CHX or COR was added in a concentration of 10 pg mL-' or 5 m~, respectively. At time 24 h, free Pro concentration was measured (Fig. 2) . Plants incubated in medium in which CHX or COR was added at times -1 and +2 h did not accumulate Pro, whereas a11 other plants did. COR influenced Pro accumulation even when added after 12 h of incubation, whereas CHX did not. This might be due to secondary effects of the inhibition. This experiment proves that de novo transcription and translation are indispensable during the first 4 h of salt stress before Pro begins to accumulate. To investigate further whether Pro accumulation is a consequence of de novo transcription of genes in the biosynthetic pathway, AT-PSCI, a P5C reductase gene in A. thaliana, was cloned. Degenerate primers were chosen from amino acid stretches that were conserved among the deduced P5C reductase sequences of E. coli (Deutch et al., 1982) , soybean (Delauney and Verma, 1990) , and yeast (M.C. Brandriss, GenBank accession No. M57886). The first primer was based on the peptide sequence VMPNTP, and the second was based on the sequence PGGTTI. A polymerase chain reaction (see 'Materials and Methods") was performed with genomic DNA of A. thaliana. A 730-bp-long amplified fragment, designated P5CR730, was used to screen libraries.
An A. thaliana Xgtll cDNA bank was screened, and, from 50,000 recombinant clones, 12 positive clones were obtained. The largest inserts (1.1 and 0.9 kb) were cloned in pUC19 to give rise to the plasmids pcP5CR5 and pcP5CR9, respec'tively. Their sequences were identical and overlapping: the integrated 1.25-kb sequence is shown in Figure 3A . The pcP5CR5 insert sequence appears to be full length at the 5' erid and extends 68 bp beyond the putative termination codon (position 2528). The pcP5CR9 insert sequence extends ;!72 bp beyond the putative stop codon, has a short (19 bp) p~ly(A) tail, and starts 104 bp after the putative start codon (position 1102). Both cDNA 3' ends are downstream from potential polyadenylation sites (Dean et al., 1986 ) (at positions 2578 and 2730; underlined in Fig. 3A) . The 5' end of the mRNA was defined by primer extension. The primer used was at position 1296 to 1331. The most abundant primer extension product suggests a start of transcription at position -1217 with respect to the first AUG of the mRNA (data not shown). This is in agreement with the start of the pcP5CR5 insert (position 975 in Fig. 3A) . The 1.25-kb AT-P5Cl cDNA sequence contains an open reading frame encoding a polypeptide of 28,626 D (276 amino acids) with a calculated isoelectric point of 8.64.
To determine the structure of the AT-P5C1 gene, an A. thaliana ecotype Landsberg erecta X Charon 35 gmomic library was screened with P5CR730 as the probe. From 30,000 recombinant clones (five genome equivalents), 24 hybridizing plaques were obtained; 6 were further analyzed and had an insert greater than 16 kb. From 2 of these, a 5.5-kb BglII fragment (designated gP5CR23) and an over1,apping 4.6-kb EcoRI fragment (designated gP5CR22) were sequenced, covering an 8-kb region (Fig. 3B) . The 3.1-kb sequence presented (Fig. 3A) covers 1101 bp of the 5' untranslated region and 570 bp at the 3' end. The sequences of the pcP5CR5 and pcP5CR9 inserts fitted perfectly with the deduced exon sequences of the genomic AT-P5Cl sequence.
The intron/exon structure is presented in Figure 3B . A T -P5C1 contains six short introns (81,93, 125, 115, 78, aind 106 bp) . They a11 contain the GT and AG dinucleotide consensus at their respective 5' and 3' ends (Csank et al., 1990) .
The upstream region of AT-P5CZ shows severa1 interesting features: a palindromic sequence (positions 722-742 in Fig.  3A ) and a 26-bp element ( A G~A~ C G CTCGECAGC~~CCCGTCTGA) repeated seven times between the positions 912 antl 1089 (underlined in Fig. 3A ). In the last repeat, 4 bp are truncated. No significant similarity between the sequence of the repeat and sequences in data banks has been found. Sequences identical with the human cAMP-regulated enhancer sites (CRE-I), namely 5'-CGTCA-3' (Fink et al., 1988) , were found six times, at positions 675, 810, 919, 971, 997, and 1049 (Fig. 3A) . A 6-bp sequence identical with the W N 4 -binding site core 5'-TGACTA-3' (Arndt and Fink, 1986 ) is also present upstream from the transcription initiation site, at position 500 (Fig. 3A) .
Homology with Other P5C Reductase Cenes
Homology of the AT-P5Cl cDNA with a11 known P5C reductase cDNA sequences (E. coli, soybean, human, yeast, Methanobrevibacter smithii, Pseudomonas) is presented in
A gatCCgattc a a t c g c t t c t cgatgagctc c g c c a t c t t a tcaacggtcg acatactcca accgacgctc ccgaagctct t t t c t c c c t g aaaaagcacg t t c a a c t a a g t t a t c a t a c t t t c c a c t c a t c t t c t c a a c c tcggctcaag a t t t c g t c t a gatcgggcac cgcttgagca a t c t t g c c t c tcaaacagcg agctcagcac aaacaccaga gttcaaagca aaaggaacgc c t c c t t c a a a cgaaacgata actccaataa t g a t c a t t g g cacgcaaaac gcatcggacg agttcggaac g c t a g c t c g t t g t t c a t c a c gattaacgac c c t c g t c t c t t c c c t c t c c c cctcaaagaa c c a c t t t c g a atgactcgaa catcccaact cgaacaccag acgaccactt tgatccagga g g c t c t t c a g aaatgcgacg gtcacgcaac agccgaggcg a c c c t t t t a a c c t t c c t t g t c g t c t c g c t t gactatcacc gagacagcac a t t g c c g t a a tagcagccta t a c t t t g a t a gccacgcgac g t t t c g a t c c t c g a a c c t t g agaatcatga aagacaaacc
******** * ****** ** . The deduced amino acid sequence is indicated below the DNA sequence. CRE-1 motifs are shaded, the palindrome is in boldface with asterisks, and the CCN4 motif is in boldface (500-505). The putative transcription start (975) is indicated by an arrow. The repeated sequences and the putative polyadenylation signal sequences are underlined. B, Cenomic organization of the AT-PSCl and flanking regions (8 kb in total). gP5CR22 and gP5CR23 are the two overlapping genomic clones that have been sequenced. The EcoRl site present at the 3' sequence is apparently a vectorderived cloning site as shown by the Southern blot analysis (Fig. 4) 
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Genomic DNA Analysis
To determine the sequences related to AT-P5C1 in the Arabidopsis genome, total DNA (2 ^g) was digested with five different restriction enzymes (Bg/II, EcoRI, Haelll, Nhel, and Xbfll) and subjected to Southern blot analysis using only the translated coding sequence of AT-P5C1 (0.8 kb) as a probe. With the exception of Xbal, none of the enzymes chosen cut in AT-P5C1. After overnight hybridization at 55°C, the blot was washed at medium (2x SSC, 0.1% SDS; 55°C) or high (O.lx SSC, 0.1% SDS; 65°C) stringency. At medium stringency, two types of bands can be seen (Fig. 4A) : the strongly hybridizing bands that correspond to the structure of AT-P5C1 and less intense bands that almost all disappear when the blot is washed at high stringency (Fig. 4B) .
Predicted Primary and Secondary Structure of P5C Reductase
Deduced P5C reductase amino acid sequences from different organisms are aligned in Figure 5 ; the degree of similarity between these sequences is presented in Table I . Enzymic studies indicate that P5C reductase can use either NADH or NADPH as cofactor (Miler and Stewart, 1976; Rossi et al., 1977; Costilow and Cooper, 1978; Krueger et al., 1986; Rayapati et al., 1989) . Plant P5C reductase has been reported to have a lower K m for NADPH than for NADH. The keys to search NADH-and NADPH-binding sites were extracted from Branden and Tooze (1991) and from Hanukoglu and Gutfinger (1989) , respectively. There was no NAD(P)H-binding site consensus that fitted all P5C reductases. Plant and human P5C reductase fitted the consensus for the NADPHbinding site, whereas the key for NADH-binding site fitted with the Saccharomyces cerevisiae and M. smithii sequences. For other reductases, one (for Pseudomonas) and two (for E. coli) mismatches with the NADPH key were found. The deduced AT-P5C1 amino acid sequence is very close to that of soybean (77.7% similarity). Plant P5C reductases have a lower similarity when compared to yeast (30.1 and 29.9%) than to human (42 and 43.1%) or to E. coli (40.2 and 37.2%) when the sequences are aligned by the addition of appropriate gaps; plant P5C reductases share no significant similarity with the M. smithii sequence, which is also very far from the other species. The two bacterial sequences display poor similarity (36.8%), although proC is a housekeeping gene (Savioz et al., 1990) .
The predicted secondary structures of the seven known P5C reductase sequences are very similar (Fig. 5) . They Table I .
Identity (%) of the nucleic acid (NA) and deduced amino acid (AA) sequences of AT-P5C1 with other P5C reductase cDNAs according to PC/CENE
A, A. thaliana; E, E. coli (Deutch et al., 1982) ; H, H. sap/ens (Dougherty et al., 1992) ; M, M. smithii (Hamilton and Reeve, 1985) ; P, P. aeruginosa (Savioz et al., 1990) ; S, G. max (Delauney and Verma, 1990) t e a a a a a a a a  a a a a a a a c a a a a a a 6 6  a a a a a a a a a a a a a a a a a 
Comparison of the deduced P5C reductase amino acid sequence of AT-P5C1 with that of E. coli (Deutch et al., 1982) , soybean (Delauney and Verma, 1990) , human (Dougherty et al., 1992) , P. aeruginosa (Savioz et al., 1990) , S. cerevisiae (M.C. Brandriss; GenBank No. M57886), M. smithii (Hamilton and Reeve, 1985) . Alignment was done using the Myers and Miller (1988) alignment algorithm program (PC/GENE). The conserved sequence is indicated at the top. Similar amino acids are indicated with dots (PC/CENE Program). NAD(P)H-binding sites are boxed. The predicted secondary structure is presented as follows: residues in an a-helix (a) are underlined, residues in a p-strand (0) are in boldface, and residues in coil structures (c) are shown against a stippled background. All others are not assigned.
feature an alternation of a-helices and P-strands (separated by coil regions). This organization is compatible with the existence of one or more P-sheet(s) surrounded by a-helices (J. Richelle and S. Wodak, unpublished data). Among the 12 amino acids conserved in a11 sequences (=4%) (Fig. 5) , 11 residues (4 glycyl, 1 lysyl, 1 alanyl, 1 leucyl, 2 threonyl, and 2 prolyl) are present in the predicted coil structure.
Methods"). Expression of the inserts was under the control of the lacZ promoter. This complementation was camed out with 10 ng of the pcP5CR5 plasmid and the pcP5CR9 plasmid, which lacks the putative NADPH site; pUC19 was used as a negative control. The pcP5CR5 cDNA sequence, but not that of pcP5CR9, complemented ATCC No. 33475 (Fig. 6 ) . This proves that AT-P5CZ encodes a functional P5C reductase. Expression of AT-P5C1 in E. coli An E. coli Pro auxotroph, ATCC No. 33475 , that lacks a functional P5C reductase was electroporated with two pUC19 plasmid derivatives, pcP5CR5 and pcP5CR9, containing Arabidopsis P5C reductase cDNA inserts (see "Materials and root, stem, and leaf was probed with the AT-P5C2 cDNA (Fig. 7A) . Under stringent conditions, only one band (1.4 kb) was visible. In plants grown under normal conditions, a decreasing expression is found in the following order: seeds > roots > flowers > stems = leaves (Fig. 7A) . The expression pattern shown in Figure 7A is only that of AT-P5C1. Under stringent conditions, the pattern of expression is the same using the entire coding sequence or the 3' trailer, which is AT-P5C1 specific (data not shown). In plants grown in the presence of Pro, AT-P5C1 expression is not repressed as in £. co/i (Rossi et al., 1977) (Fig. 7A) . Figure 7B shows AT-P5C1 expression during the first 4 h of salt stress. Ten-day-old plants, previously grown in Kl medium, were incubated for different times in Kl supplemented with 0.5% NaCl. The level of AT-P5C1 transcripts already started to increase after 15 min of incubation; 3 h after the beginning of salt stress, the amount was about the same as in total RNA of 10-d-old plants grown in Kl medium supplemented with 0.5% NaCl.
Expression of AT-P5C1 under Salt Stress
An RNA gel blot analysis was performed with RNA from 3-week-old plants sown in Kl mineral medium with or without 0.5% NaCl. AT-P5C1 cDNA (pcP5CR5 EcoRI insert) was used as probe. In the presence of 0.5% NaCl, the RNA abundance in leaves and roots increased 5-and 2-fold, respectively (Fig. 7C) .
DISCUSSION
Free Pro accumulation is a widely observed response to osmotic stress. In Arabidopsis, accumulation of Pro occurs after salt stress (NaCl) and can reach 20% of the total free amino acid pool (in the presence of 0.75% NaCl) (Fig. 1A) . Whatever the precise role(s) of Pro during osmotic stress, it must be important or otherwise natural selection would have occurred against such an energy-intensive process. Considering Pro accumulation merely as a symptom of stress would be an oversimplification.
In plants, Pro accumulation has been reported to be due primarily to de novo synthesis from glutamate. Experiments using CHX and COR show that de novo transcription and translation are indispensable in the first 4 h of the stress for Pro accumulation to occur (Fig. 2) . To determine to what extent salt-induced transcription of Pro biosynthetic enzymeencoding genes could be involved in Pro accumulation in Arabidopsis, AT-P5C1 was cloned; it encodes a functional enzyme, since upon expression in E. coli, AT-P5C1 cDNA complemented a proC mutant (Fig. 6) .
The 5' untranslated region of AT-P5C1 shows several potential regulatory sites (Fig. 3A) : a palindromic sequence, a GCN4-analogous binding site motif, and a 26-bp element repeated seven times. Sequences identical to the human CRE-1 sites have also been found six times in the 5' untranslated AT-P5C1 region. Further experiments are needed to investigate their possible role in the regulation of AT-P5C1 expression.
Genomic hybridization suggested the existence of different AT-P5C1-related genes (Fig. 4A) , none of which is very closely related to AT-P5C1 (Fig. 4B) . Most of the amino acid biosynthetic enzymes examined are encoded by multiple genes (reviewed by Coruzzi, 1991) . The AT-P5C1 protein is most probably cytosolic: the N terminus is very similar to that of prokaryotic proC sequences and the yeast N-terminal P R 0 3 sequence (Fig. 5) ; there is no structural similarity with the consensus chloroplast target sequence (von Heijne et al., 1989) . However, the existence of P5C reductase isoenzymes has recently been demonstrated in soybean (Szoke et al., 1992) .
A comparison of known P5C reductase sequences at the nucleic acid and deduced amino acid levels revealed interesting features. Except between A. thaliana and soybean, P5C reductase sequences show less identity at the amino acid level than at the nucleic acid level ( Table I) . Only some (4%) functionally or structurally important sites are conserved among the seven deduced P5C reductase amino acid sequences and are present in predicted coil structures. A11 of the secondary structure predictions for the different P5C reductases are 0-sheet(s) surrounded by a-helices, which are thermodynamically stable structures (Fig. 5) .
The expression of AT-P5C1 was studied by RNA gel blot analysis in different tissues and under salt stress. The expression is complex and is regulated at different levels: AT-P5Cl is differentially expressed in organs and with the life cycle (data not shown) and can be induced by salt treatment.
AT-P5CZ transcripts are more abundant in roots compared to leaves, although free Pro content is higher in the leaves compared to roots ( Fig. 7A; A . thaliana, N. Verbruggen, unpublished data; sunflower, Golan-Goldhirsch et al., 1990) . This apparent contradiction between the amount of AT-P5Cl transcript and the free Pro content can have different explanations; for example, it may be that AT-P5C1 is not the only P5C reductase in the leaves or that chloroplastic P5C reductase is the more active one, as in pea leaves (Rayapati et al., 1989) . Posttranscriptional regulation or a mechanism to transport Pro from roots to leaves could also be postulated.
The amount of AT-P5Cl mRNAs is higher in flowers than in leaves (Fig. 7A ) and free Pro accumulates more in flowers than in leaves of flowering plants (5.2% of the total free amino acid pool versus 0.5%) (N. Verbruggen, unpublished data). These observations support the idea that Pro is likely to play a role in flower development, as suggested by Vansuyt et al. (1979) , Mutters et al. (1989) , and Walton et al. (1991) . Furthennore, AT-P5CI transcripts are very abundant in ripening seeds, which have to face drought stress. This corroborates with the high free Pro content found in A. thaliana (8% of the total amino acid pool) (N. Verbruggen, unpub- lished data) and in Vicia faba seeds (Venekamp and Koot, 1988) .
AT-P5C1 is expressed more in salt-stressed Arabidopsis plants (Fig. 7 , B and C). Induction of AT-P5C1 transcript is already visible 15 min after the beginning of salt stress (Fig.  7B) , and the increase in the amount of AT-P5C1 transcript levels off after 3 h (Fig. 78) . It takes more time for Pro accumulation to occur (between 2 and 4 h) in salt-stressed (0.5% NaC1) A. thaliana plantlets (Fig. 1B) . This AT-P5C1 mRNA increase is more pronounced in leaves than in roots (Fig. 7C) . Free Pro accumulates more in the leaves, where it serves as cytosolic osmotic solute. Under normal growth conditions, roots already have to face osmotic problems; therefore, we can imagine that the salt induction of cytosolic P5C reductase mRNA is higher in leaves.
The transcription of A T -P Z I should be studied under other stress situations in which Pro has been reported to accumulate: cold (Havaux and Lannoye, 1982) , gas pollution (Anbazhagan et al., 1988) , nutrient deficiencies (Savitskaya, 1976) , low pH (International Rice Research Institute, 1973) , and the presence of heavy metals (Saradhi and Saradhi, 1991) . According to the theory that Pro is an effective hydroxyl radical scavenger (Smimoff and Cumbes, 1989) , its de novo synthesis should be expected upon oxidative stress.
A11 of the physiological observations conceming Pro accumulation cannot be interpreted by the study of AT-P5C1 alone. Further investigations will be carried out to study the other genes of the Pro biosynthetic pathway.
